Three experiments were conducted to investigate the roxarsone (3-nitro-4-hydroxyphenylarsonic acid) x copper (Cu) interaction in weanling pigs. Supplemental roxarsone at 400 mg/kg diet decreased rate and efficiency of weight gain and caused visible neurological signs of toxicosis. Copper addition (CuSO4-5H20) at a level of 650 mg Cu/kg diet likewise decreased weight gain and feed efficiency, and it also increased hepatic Cu deposition. The combination of these growth-depressing dosages of roxarsone and Cu resulted in a far greater reduction in gain and efficiency of feed utilization than was the case when either compound was fed alone. A growth-promoting dosage of Cu (250 mg/kg) increased weight gain by 32% in one experiment but showed no efficacy in alleviating the growth-depression resulting from feeding 400 mg/kg roxarsone. A roxarsone dosage of 100 mg/kg increased gain and feed efficiency. Surprisingly, the decreased weight gain in pigs fed 650 mg/kg Cu was ameliorated by feeding 100 mg/kg roxarsone concomitantly. This level of roxarsone also reduced liver Cu concentration substantially. It thus appears that the nature of the roxarsone x Cu interaction is dependent on the dose of each compound administered. Moreover, low-dose roxarsone administration appears to ameliorate Cu toxicity, but low-dose Cu feeding does not show efficacy against roxarsone toxicity.
Introduction
Roxarsone (3-nitro-4-hydroxyphenylarsonic acid) has been commonly used as a growth promotant in both swine and poultry. The toxic effects of roxarsone have been studied in several species with the emphasis placed primarily on poultry, rats and turkeys (Kerr et al., 1963; Prier et al., 1963; Sullivan and AI-Timimi, 1972; Wise et al., 1974; Rice et al., 1980; Czamecki et al., 1984) .
We have previously reported substantial growth improvements in weanling pigs fed 250 mg/kg of supplemental Cu (Edmonds et al., 1985) . In addition, there was additivity in growth when antibiotics were fed in combination with Cu.
The interactions between toxic levels of roxarsone and Cu have been studied in the chick and rat (Czarnecki et al., 1984) but little research has been conducted with the pig. Whether roxarsone toxicity can be ameliorated ~To whom reprints should be addressed. 2Dept. of Anim. Sci. Received September 10, 1985 . Accepted January 30, 1986 by supplemental Cu, or vice versa, has not been established. Because of the importance of roxarsone and Cu in pig feeding, we designed experiments to study the interrelationships between roxarsone and Cu in newly weaned pigs.
Experimental Procedure
Three experiments were conducted utilizing 258 crossbred pigs weaned at 4 wk of age. The pigs were maintained in an environmentally controlled nursery in pens with expanded metal floors. A randomized complete-block design was used in all experiments, and pigs were allotted to treatments from outcome groups based on ancestry and weight. Experimental diets were fed to three replicates (pens) of six pigs each in Exp. 1, three replicates of four pigs in Exp. 2 and four replicates of four pigs in Exp. 3. Average initial weight of the pigs were 8.0, 7.8 and 7.9 kg for Exp. 1 to 3, respectively. Diets and water were provided ad libitum and light periodicity was maintained to approximate the natural daylength. Weight gain and feed consumption were monitored weekly during the experimental periods of 28 d for each experiment.
Experimental diets (table 1) were formulated to meet or exceed the nutrient requirements of the 5-to 10-kg pig (NRC, 1979) . Dietary additions of roxarsone and CuSO4"5HaO were made at the expense of cornstarch. At the conclusion of Exp. 3, liver biopsies were obtained surgically (Edmonds et al., 1985) from the two median-weight pigs in each pen involving treatments containing Cu, while one representative pig was biopsied from each pen of pigs fed the control diets. A bile sample (2 ml) was obtained via syringe and 22-gauge needle at the same time. Liver and bile samples were wet-ashed with HNO 3 and H202 and analyzed for Cu content by atomic absorption spectrophotometry (AOAC, 1970) .
Experiment 1 was designed to determine a growth-depressing level of roxarsone. Dietary levels of roxarsone were O, 50, 100, 200 and 400 mg/kg. Experiments 2 and 3 were designed to assess the roxarsone • Cu interaction. Experiment 2 involved a 3 x 2 factorial arrangement of treatments with three levels of supplemental 3Control pigs in this experiment performed poorly due to the hot and humid weather conditions existing when this trial was conducted (July). It has been demonstrated in numerous previous studies that growth responses to antibacterial compounds are greatest when environmental or management conditions result in poor performance of control (untreated) pigs. (Steel and Torrie, 1980) . Orthogonal, as well as meaningful nonorthogonal, single degree-of-freedom comparisons were used to test treatment differences.
Results
The results of Exp. 1 are presented in table 2. Roxarsone addition to the diet at dosages of 50, 100 or 200 mg/kg resulted in improved gain and feed utilization. In contrast, addition of 400 mg/kg roxarsone decreased both weight gain and feed efficiency when compared to all other levels (0 to 200 mg/kg) of roxarsone fed. Two of 18 pigs (i.e., 11%) fed the highest dosage of roxarsone died during the course of the experiment, while no mortality occurred in pigs fed lower dosages.
In Exp. 2 (table 3) , an increase in weight gain resulted from addition of 250 mg of Cu/kg to the diet 3. Addition of 650 mg Cu/kg, how-ever, resulted in decreased weight gain. Roxarsone addition (400 mg/kg) to the diets also resulted in decreased gain and also gain/feed. The standard growth-promoting level of Cu (250 mg/kg) did not ameliorate roxarsone toxicity. Addition of both roxarsone and Cu, especially the 650 mg/kg level of Cu, resulted in substantially greater growth depressions than when either compound was fed alone. Three of the 36 pigs fed 400 mg roxarsone/kg diet died prior to termination of the experiment. Absence of mortality in pigs fed roxarsone together with the highest dosage of Cu was probably a result of the lower feed (hence, roxarsone) consumption of pigs on this dietary treatment regimen.
The results of the growth data for Exp. 3 are presented in table 4. Addition of 650 mg Cu/kg resulted in a marked decrease in both weight gain and feed efficiency. Addition of a growthpromoting level of roxarsone (100 mg/kg) to aTissue samples were obtained from two pigs within each replicate for the copper diets and one pig within each replicate for the control diets. Tissue samples were pooled after atomic absorption analysis was performed. Pooled SE for the transformed (x = In (Y + 1)) data were .16 and .10 for liver and bile Cu, respectively. bprovided as CuSO4"5H20. ~650 vs 0 and 250 mg Cu/kg (P<.001). dO VS 250 mg Cu/kg (P<.001). CRoxarsone main effect (P<.015). 1~550 vs 0 and 250 mg Cu/kg x roxarsone (P<.05). g0 vs 250 mg Cu/kg x roxarsone (P<.02).
Discussion
The addition of up to 200 mg/kg roxarsone resulted in an improvement in gain and feed utilization. A roxarsone level of 400 mg/kg, however, substantially decreased growth. Recent work in our laboratory with young rats fed ad libitum (G. L. Czarnecki, unpublished data) has shown that 400 mg roxarsone/kg results in 50% mortality within two days, although other research has indicated that feeding 200 mg roxarsone/kg for 2 yr results in only a slight effect in rats (Prier et al., 1963) . Research with 1-dold turkeys (Wise et al., 1974) has shown that roxarsone levels greate~ than 200 mg/kg result in 100% mortality within 15 d. On the other hand, mortality was only about 50% when 300 mg roxarsone/kg was fed to 1-day-old turkeys for 28 d in another study (Sullivan and A1-Timimi, 1972) . In our experiments a mortality of about 10% occurred from feeding 400 mg roxarsone/kg for 28 d. However, it should be noted that approximately 65% of the pigs fed 400 mg roxarsone/kg had neurological toxicity symptoms, which included trembling throughout the muscles of the shoulder, back and hind legs, together with development of posterior paralysis. Moreover, approximately 50% of the pigs were in extremely poor condition after the 28-d feeding test and required disposal. In addition, some of the pigs fed 200 mg roxarsone/kg had muscle tremors and probably would have developed severe toxicity symptons had they been continued on this diet for a longer period of time. We also observed that the heavier pigs were less susceptible to the toxic levels of roxarsone than the lighter pigs. The neurological symptoms we noted are similar to those seen by Rice et al. (1980) upon feeding a roxarsone level of 105 mg/kg to 30-kg pigs. They observed that exercise would induce muscle tremors in the pigs fed roxarsone. We also observed this in some pigs during weighing. Hill and Blaney (1984) observed that several deaths occurred when pigs were moved to grower pens after being fed both 56 mg roxarsone/kg and 94 mg arsanilic acid/kg for 6 wk. Over-dosage of roxarsone in chickens results in a penguin-like gait (Kerr et al., 1963) . Two pigs fed 400 mg roxarsone/kg in our study were necropsied and both showed evidence of demyelination of the brain.
Roxarsone (100 mg/kg) decreased liver Cu by twofold in pigs fed supplemental Cu. Moreover, bile Cu also was decreased substantially by roxarsone addition to the diet. Czar-necki et ai. (1984) also observed twofold decreases in liver and bile Cu in pigs fed roxarsone (50 mg/kg) in a starter diet containing 250 mg/kg suplemental Cu. Czarnecki and Baker (1985) have shown that roxarsone probably binds Cu in the gut by forming a chelate between adjacent nitroso and hydroxyl groups of roxarsone. They further showed that both roxarsone and Cu had to be present in the diet for this interaction to occur. They concluded that the chelate is absorbed, but not taken up by tissues, and is thus excreted in the urine.
Toxic dosages of roxarsone (400 mg/kg) and Cu (650 mg/kg) resulted in greater depression in weight gain than when either was fed alone. Thus, the pig is similar to the rat (Czarnecki et al., 1984) in that both species exhibit additivity in weight gain depressions when the two additives are fed in combination. Surprisingly, addition of 100 mg roxarsone/kg partially alleviated the growth depression resulting from feeding 650 mg Cu/kg. In chicks, addition of 50 mg roxarsone/kg had been shown to alleviate partially the toxic effects of 1,000 mg Cu/kg (Czarnecki et al., 1984) .
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